~" Cardiorespiratory function was assessed in 22 mechanically ventilated patients who underwent surgery within an average of 4.8 days following traumatic spinal cord injury at C3-7. A fluid challenge technique was used to derive right and left ventricular function curves and to assist in choice of therapy from four possible outcome responses. Both right and left ventricular stroke work increased but left ventricular stroke work was still lower than normal in six (27%) of 22 patients despite elevation of cardiac filling pressures. Pulmonary vascular resistance fell, but systemic vascular resistance was unchanged following fluid challenge. Respiratory function, including intrapulmonary shunt, lung/thorax compliance, dead space, and arterial pO2 and pCO2, were unchanged by fluid administration averaging 520 ml of plasma protein fraction in 12 minutes. The Bainbridge reflex was inoperative. There was no correlation between anesthetic agent, level or type of neurological deficit, and cardiorespiratory function. Left ventricular function was impaired so the use of peripheral vasoc6nstrictors that elevate systemic vascular resistance should be avoided in the management of spinal shock. Instead, myocardial depressants should be reduced and fluid replacement used to optimize cardiac function. Elevation of central venous or pulmonary capillary wedge pressures to 18 mm Hg should be used to reverse hypotension, acidosis, low venous pO2, or oliguria before institution of centrally acting inotropic therapy in the management of acute spinal cord injury.
F
OLLOWING cervical spinal cord injury there is autonomic dysfunction. Cervical cord transection causes an imbalance between parasympathetic and sympathetic control of the cardiovascular system. In dogs with acute cervical spinal cord transection, a 6-to 8-minute pressor response was followed by a decrease in systemic arterial pressure, vascular resistance, and left ventricular function consistent with sympathetic denervation. 8 However, there is little objective assessment of cardiorespiratory function in the acutely quadriplegic human, despite the fact that cardiac and respiratory dysfunction are clinical management problems. Woolman ~ studied 44 quadriplegic patients and noted that 30 of them died in the first 11 days and 20 of these 30 died with severe pulmonary edema. Meyer, et al., 6 found that four of nine patients with acute quadriplegia developed severe pulmonary edema as a result of excessive intravascular volume replacement. The degree of acute respiratory dysfunction depends on the level of cervical cord injury? Respiratory failure is a common cause of death; Bellamy, et al., 2 reported a mortality rate of 40% from pulmonary causes within 1 year of injury.
The acutely quadriplegic patient is less able than nonquadriplegic patients to adapt to the changing hemodynamic states that result from fluid loss and replacement. During spinal shock with multiple associated injuries, fluid management may be a particular problem. In the presence of circulating volume defects, the quadriplegic patient is unable to maintain cardiac filling pressures by sympathetically induced constriction of the venous capacitance vessels, nor can blood pressure be maintained by arterial constriction. The heart of the quadriplegic patient is not able to respond to aggressive fluid infusion with tachycardia and sympathetically induced increased cardiac contractility. As a result, these patients may develop pulmonary edema more commonly than non-quadriplegic patients. To obtain objective measurement of cardiovascular function, and to quantitate the incidence and degree of cardiac impairment in spinal shock, 22 quadriplegic patients were studied within 21 days of acute cervical spine injury. All were undergoing surgery for spine stabilization or cord decompression. Volume replacement and the need for inotropic support were determined by a fluid challenge technique. The studies were approved by the Institutional Review Board and informed consent was obtained.
Materials and Methods
This series included 22 consecutive patients with acute traumatic quadriplegia who were admitted between 1978 and 1980, and who required surgery for spinal cord decompression or spine stabilization. All these patients were in spinal shock and became quadriplegic or paretic at the C-3 to C-7 levels an average of 4.8 days (range 0.1 to 20 days) before admission to the Maryland Institute for Emergency Medical Services Systems. The patients' mean age was 32.3 years (range 17 to 66 years), and there was only one female. The number of patients with cervical spine injury admitted monthly during the period of study is shown in Fig. 1 .
To assess cardiorespiratory function and the need for fluids or inotropic drugs in these patients, radial artery and triple-lumen thermistor-tipped pulmonary artery catheters were inserted before induction of anesthesia. Arterial and pulmonary artery pressures were transduced using fluid-filled low-compliance tubing, and the waveforms were displayed.* All the patients underwent mechanical ventilation using a volume pre-set mechanical ventilator with a sine wave-accelerated flow pattern given via a 50-ml syringe, at a rate of 50 ml/min, in 250-ml increments until mean pulmonary capillary wedge pressure (PCWP) rose at least 2 mm Hg above the prechallenge pressure and remained elevated for 5 minutes after cessation of fluid infusion. Cardiac output, intravascular pressures, lung/thorax compliance, and arterial and mixed venous blood were measured before and after fluid challenge; variations of these tests have been employed by other investigators. 7,'~ Ventricular function curves were derived, and the Frank-Starling curve obtained was used to assess the need for fluid infusion, fluid restriction, or administration of inotropic agents according to the four outcome possibilities that are shown in Fig. 2 and described here. In Outcome 1 ( Fig. 2) , PCWP rose and, 5 minutes after infusion ceased, cardiac filling pressures remained elevated without any increase in cardiac output. This response was interpreted as indicating that the heart had limited reserve function and was not able to increase contractility to respond to the increased cardiac filling pressures. Further infusion was expected to result in acute pulmonary edema. The therapeutic indication that this response dictated was, therefore, to restrict further fluid infusion and reduce myocardial depressant agents, such as halothane. If the trend continued, the use of inotropic agents, such as intravenous dopamine, was considered for reversal of the myocardial depression.
In Outcome 2 ( Fig. 2 ), PCWP rose 3 to 4 mm Hg or more, but then fell within 5 minutes to a level 2 mm Hg above the baseline. This reponse was interpreted as indicating that myocardial contractility was adequate t Mechanical ventilator, Model 300, manufactured by LK_B Engstr6m Instruments, 9319 Gaither Road, Gaithersburg, Maryland.
Cardiac output computer, Model 9520A, manufactured by Edwards Laboratories, 17221 Red Hill Avenue, Santa Ana, California.
for the increase in cardiac preload. The suggested treatment was to infuse fluids and maintain cardiac filling pressures within this range for optimum cardiac function and tissue 02 supply.
In Outcome 3 ( Fig. 2) , PCWP was unchanged (3B) or rose immediately but then fell to the baseline (3A) following fluid challenge. This response indicated that the patient had considerable reserve cardiac function and that a greater circulating volume could be tolerated. The indication for therapy, if the patient was oliguric or had evidence of poor tissue perfusion (acidosis or low mixed venous oxygen tension), was not to give inotropic agents, but rather to infuse fluid until the ventricular function curve demonstrated in Outcome 2, above, was obtained.
In Outcome 4 ( Fig. 2) , PCWP was initially unchanged with fluid infusion, but systemic arterial pressure rose with increasing increments of fluid and the pulse rate fell. After an infusion of 500 ml or more, PCWP fell to a level 2 to 3 mm Hg below the baseline and cardiac output was found to be increased. Although this response is not common (it was found in one of the 22 patients), it suggests that improved myocardial perfusion and cardiac function occur either as a result of systemic vasodilatation due to rapid infusion of fluid or by slowing of the heart rate. The Frank-Starling function curve shifts to the left and cardiac output increases with decreased filling pressures. Further therapeutic intervention is usually not required because the increased cardiac output improves 02 delivery and tissue perfusion.
Respiratory function assessment included lung/ thorax compliance, blood gas analysis and measurement of intrapulmonary shunt, and dead space-to-tidal volume ratio. The total lung/thorax compliance was determined from the end inspiratory -end expiratory pressure (PIE --PEE) and the expired tidal volume (Vx), as measured by a Wright's respirometer and collected from a shunt valve that replaced the Y-piece of the ventilator. Lung/thorax compliance (CT) was expressed in ml/cm H20 using the formula Vv + (P~E -PEE). Intrapulmonary shunt was determined from arterial and mixed venous blood, which was drawn simultaneously into heparinized syringes and placed on ice before analysis with a blood gas analyzer. Shunt was calculated from the modified Berggren formula? Dead space was determined by collecting the mixed expired gas from the shunt valve and using the Bohr equation as modified by Enghoff. 4 Systemic (SVR) and pulmonary vascular resistance (PVR) were calculated in dynes/sec/cm -5 by the following formulas: SVR = mean arterial pressure -central venous pressure • 80.3 + cardiac output, and PVR = mean pulmonary arterial pressure -PCWP x 80.3 + cardiac output. Oxygen consumption ('qO2) was derived by the Fick principle, where cardiac output = VO2 + arteriovenous oxygen difference. Oxygen delivery was estimated from the product of cardiac output (Qt) and arterial oxygen content (CaO2). Hemoglobin was measured by a Coulter hemoglobinometer, and saturation was determined from a nomogram based on a normal dissociation curve.
Sixteen of the patients had neurologically complete lesions, four had central cord injuries, and two had incomplete cervical lesions. Halothane, nitrous oxide, and oxygen were used as the anesthetic agent for 15 of the patients and Innovar (droperidol and fentanyl), nitrous oxide, and oxygen for the remainder. Statistics were analyzed using a paired t-test and values were given as means _+ standard deviations.
Results
An average volume infusion of 520 ml (range 250 to 1500 ml) of plasma protein solution, given over 12 minutes, was required to elevate PCWP from 13 + 5.4 to 17 + 5.4 mm Hg. Eighteen patients (82%) showed an increase in cardiac index with increased cardiac filling pressures (Fig. 3) . Cardiac index increased from 3.5 ___ 1.16 to 4.2 ___ 1.68 liter/min/sq m (p < 0.005); normal cardiac index is 3.2 + 0.2 liter/min/sq m. The increase in cardiac index following fluid challenge was accompanied by a significant decrease (p < 0.05) in pulmonary vascular resistance from 83 + 71.4 to 74 + 67.8 dynes/sec/cm -5 after fluid challenge. Systemic vascular resistance was 957 _+ 397.9 before and 854 + 408.3 dynes/sec/cm -5 after fluid challenge. As would be expected in cervical spinal cord injury, this was lower than the normal level of 1074 to 1306 dynes/sec/cm -5, and confirmed the loss of peripheral vascular tone found in acute quadriplegia (Fig. 4) . Right ventricular stroke work index rose significantly (p < 0.005) from 12 ___ 4.9 before fluid challenge to 16 + 7.0 gm 9 m/sq m after challenge, and in all patients it was higher than or within the normal range (8.8 ___ 0.9 gm 9 m/sq m) after fluid infusion. Left ventricular stroke work index, which rose from 52 ___ 22.7 before to 65 ___ 26.4 gm 9 m/sq m after fluid challenge (p < 0.02), was still lower than normal (56 ___ 6 gm 9 m/sq m) in six of 22 patients (27%) despite fluid challenge (Fig. 5) . Following fluid challenge, oxygen delivery (Qt x CaO2) and consumption (VO2) were increased, and mean systemic arterial pressure, mean pulmonary arterial pressure, and heart rate were unchanged (Table 1) .
Respiratory function before and after fluid challenge is shown in Table 2 . Intrapulmonary shunt, lung/thorax compliance, PaO2, and PaCO2 were unchanged. In 17 patients, the ratio of pulmonary dead space to tidal volume was also measured before and after fluid challenge, and was 0.4 ___ 0.13 before and unchanged at 0.4 + 0.15 after fluid challenge. In the remaining five patients, specimens of mixed expired gas were either lost or discarded before analysis.
We explored the relationship between right atrial filling pressures and pulse rate, described by Bainbridge, l in which elevation of hydrostatic pressure in the fight side of the heart reflexly affected heart rate, producing tachycardia through intrinsic chronotropic stretch receptors located within the walls of the right ventricle and atrium. Correlation coefficients were de- termined between pulse rate and cardiac index, systemic and pulmonary vascular resistance, fluid volume, central venous pressure, pulmonary artery pressure, and PCWP (Table 3) . Change in pulse rate with cardiac index after fluid challenge had a coefficient of 0.598 and was the only coefficient above 0.4. Twelve patients showed a fall in pulse rate with elevation of fight heart filling pressures and 10 showed a rise. Pulse was 77 + 19.5 before and 78 _+ 12.8 beats/min after fluid challenge.
Correlation coefficients were also determined for the anesthetic agent, level of neurological deficit, complete or central cord lesions, and cardiac index, intrapulmonary shunt, intravascular pressures, and pulse rate. No associations were found. The four patients who had a fall in cardiac index from 3.9 + 0.59 to 3.3 + 0.88 liter/ min/sq m were all receiving halothane. The reduction in cardiac index was reversed in all patients within 30 minutes by decreasing the halothane concentration from 0.5% to 0.25% without other intervention. The mean values of cardiorespiratory function monitored during the fall in cardiac output and subsequent decrease in inspired halothane concentration are shown in Table 4 . Discussion Ventricular function curves obtained during surgery and anesthesia for patients in spinal shock demonstrate that, in the majority of quadriplegic patients studied, cardiac function was within normal limits. Following elevation of filling pressures by fluid challenge, the cardiac index was significantly increased (Fig. 3) . How- was produced by a direct response to increased myocardial fiber length. The Frank-Starling curves obtained are plotted in Figs. 3 and 5 . The Bainbridge reflex or other chronotropic stretch reflexes, which respond to increases in venous return by increasing heart rate, were not found consistently during elevation of right heart pressures in these acutely quadriplegic anesthetized patients.
The use of peripheral vasoconstrictors is still advocated by some clinicians to "compensate" for the low systemic vascular resistance in the acutely quadriplegic patient. However, the increased afterload will increase left ventricular work and myocardial oxygen consumption, and reverse the favorable cardiac effects of low peripheral vascular tone. We therefore strongly recommend avoidance of peripheral vasoconstrictors in the management of spinal shock. Instead, cardiac filling pressures should be monitored and the cardiac preload increased by giving fluids. If oliguria, acidosis, or low mixed venous pO2 persist, suggesting poor tissue perfusion, a centrally acting inotropic agent, such as dopamine in low doses (< 5 izg/kg]hr), should be used only after a thermistor-tipped triple-lumen pulmonary artery catheter is inserted, and optimum cardiac filling pressures established by fluid challenge. Qs/Qt = intrapulmonary shunt; Vd/Vt = dead space to tidal volume ratio; CT = lung/thorax compliance; PaO2 = partial pressure arterial oxygen; PaCO2 = partial pressure arterial carbon dioxide; NS = not significant. 
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Four of our patients had diminished cardiac index following fluid infusion. This response suggested that left ventricular function was impaired by anesthesia, and reduction of the anesthetic agent concentration resulted in a dramatic reversal of cardiac depression (Table 4) . It is important, therefore, especially when using even low concentrations of myocardial depressant agents (such as halothane) to anesthetize quadriplegic patients, that cardiac function be monitored closely, since considerable myocardial depression may occur. If the depression is recognized early, it appears to be readily reversible. No differences in cardiorespiratory function were found between the patients receiving halothane or Innovar anesthesia. We suggest that either of the two anesthetic agents is acceptable.
To identify the quadriplegic patient at risk because of serious cardiac dysfunction, we recommend construction of a ventricular function curve before induction of anesthesia. This may be achieved preoperatively by the fluid challenge techniques described, or by use of leg elevation or inflation of a pneumatic anti-shock garment in combination with fluid challenge. With the latter technique, should cardiac failure result, the increased cardiac filling pressures are then readily reversible by deflation of the pneumatic trousers or lowering of the legs. It should be noted that respiratory function was unchanged in these patients with spinal shock, despite an average volume of 520 ml of colloid given at a rate of 50 ml/min. This lack of impairment of respiratory function suggests that rapid fluid infusion is well tolerated in spinal shock, provided that cardiac function is closely monitored. We recommend that, in patients with depressed left ventricular function, periph- 
